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In tro duc tion
Heat exchangers are widely used in al most ev ery field of en gi neer ing in clud ing chem ical in dus tries, pe tro leum re fin er ies, power en gi neer ing, me chan i cal en gi neer ing, au to mo bile, cryo genic, aero space, elec tron ics. There fore, im prov ing heat exchangers to ob tain high heat trans fer per for mance is con sid ered as sig nif i cant re search as pects. Sev eral heat trans fer augmen ta tion tech niques are adopted to en hance the heat trans fer per for mance of heat exchanger, which makes re duc tion in size and op er at ing costs.
Heat trans fer aug men ta tion tech niques can be di vided into three cat e go ries, in clud ing active meth ods [1] [2] [3] , pas sive meth ods [4] [5] [6] , and com pound meth ods, re spec tively. Among these meth ods, com pound meth ods are able to enor mously en hance the heat trans fer ac cord ing to use two or more meth ods si mul ta neously. This is also termed as a fourth-gen er a tion heat trans fer tech nol ogy. It should be noted that the com pound method ac com mo dates fur ther de vel op ment of heat trans fer aug men ta tion tech niques, which ex ceeds any of the fore-men tioned tech niques act ing in de pendently. Com pound meth ods owe sev eral com bi na tions, pas sive-pas sive ones at tract in creas ing at tention from re search ers and en gi neers due to the ease of use and low cost.
With re spect to pas sive com pound meth ods in a sin gle-phase flow, most of the research ef forts were de voted to ward var i ous sur face rough wall con fig u ra tions com bined with twisted tape in serts. Ex tant re searches fo cus on these types of tubes, which are per formed in the lam i nar and tur bu lence flow re gime by means of ex per i ments. Van Rooyen and Kroeger [7] exper i men tally in ves ti gated ther mo dy namic per for mance of lam i nar oil flow ing in in ter nally finned tubes with twisted-tape in serts un der a con stant wall tem per a ture. Pramanik and Saha [8] ex per i men tally stud ied ther mo dy namic char ac ter is tics of lam i nar oil through ducts with in ter nal trans verse rib. Bharadwaj et al. [9] ex per i men tally in ves ti gated ther mo dy namic char ac ter is tics in a 75-start spi rally grooved tube with a twisted tape in sert with wa ter me dium. Liao and Xin [10] con ducted ex per i men tal study on ther mo dy namic char ac ter is tics of three types of heat trans fer me di ums in four types of in ter nal ex tended sur face tubes com bined with two types of insert struc tures. Promvonge and Eiamsa-ard [11] ex per i men tally re searched heat trans fer, re sistance, and over all heat trans fer char ac ter is tics of a round tube com bined with con i cal-ring and twisted tape swirl gen er a tor struc tures for fully de vel oped tur bu lence. Hong et al. [12] conducted ex per i ments to in ves ti gate com pound ther mo dy namic char ac ter is tics of a con verg ing-diverg ing tube com bined with a twisted tape in sert in a fully de vel oped flow re gime. Thianpong et al. [13] ex per i men tally ex am ined com pound heat trans fer and re sis tance be hav ior of air with fully de vel oped tur bu lent re gime in a dim pled tube that was com bined with a twisted tape.
Ex ten sive ex per i men tal stud ies in ves ti gated a rough sur face tube cou pled with var i ous twisted in serts. How ever, only a few stud ies ex am ined the com pound tech nique by nu mer i cal meth ods. A pre vi ous study dem on strated that the aug men ta tion of heat trans fer in the shellside of an out ward con vex cor ru gated tube sig nif i cantly is much larger than in the tubeside [6] . Accord ing to the fundament of in creas ing heat trans fer co ef fi cient, it is nec es sary to adopt meth ods to en hance heat trans fer in the tubeside. Thus, the pres ent study adopts an out ward con vex corru gated tube com bined with a twisted tape (CT) as a new type of pas sive com pound method to per form a nu mer i cal in ves ti ga tion. The ther mo dy namic per for mance and syn er gis tic ef fect ing flow and heat trans fer mech a nism for CT will be in ves ti gated in this re search work.
Phys i cal mod els
The ge om e tries of the CT and a con ven tional smooth tube with a twisted tape (ST) are de picted in fig. 1 . The di am e ter of the tubes, D, cor re sponds to 20 mm, which is equal to the twisted width, w. The 180 twist pitch, y, with three dif fer ent val ues is given as an ef fect fac tor. There fore, var i ous twist ra tios with three val ues, y/w = 1.5, 2.5, 5, are adopted in the study. It is con sid ered that the di am e ters of the ST are iden ti cal to that of the CT to in ves ti gate the com par i - son be tween ST and CT. Com pared with ST, an ad di tional cor ru gated struc ture ex ist at the tube wall in the CT. The cor ru gated struc tural pa ram e ters in clude cor ru ga tion height, cor ru ga tion pitch, and cor ru ga tion crest ra dius that are fixed at H = 1 mm, p = 50 mm, and R = 6 mm, re spectively.
Nu mer i cal de tails

Gov ern ing equa tions
The work ing fluid se lected for the sim u la tion is wa ter with con stant phys i cal prop erties. A 3-D steady RANS method is adopted for nu mer i cal model, ne glect ing the ef fect of gravity and heat ra di a tion.
The gov ern ing equa tions are: -continuity equa tion:
-momentum equa tion:
The Boussinesq hy poth e sis is a com mon method to de scribe Reynolds stresses:
and its cor re spond ing en ergy equa tion is:
The pres ent study uses the RNG k-e tur bu lence model de vel oped by Yakhot and Orszag [14] for the nu mer i cal sim u la tion: 
where m eff de notes the ef fec tive vis cos ity, de fined by m eff = m + m t = m + rC m k 2 /e, and the constants in the model in clude C m = 0.0845, C 1e = 1.42, C 2e = 1.68, and a k = a e = 1.393. It should be noted that
rep re sents the gen er a tion of tur bu lent ki netic en ergy re sulting from mean ve loc ity gra di ents.
Ini tial and bound ary con di tions
A no-slip bound ary con di tion is adopted on the wall sur faces of the tube and twisted tape. The con stant bound ary tem per a ture 310 K are adopted on the outer tube wall and the in let tem per a ture are 300 K, re spec tively. Pe ri od i cal bound ary con di tions are im posed at the in let and out let of the phys i cal model. In these con di tions, the flow re gime is fully de vel oped. The pe ri odi cal change of ve loc ity, pres sure, and tem per a ture gra di ent within the do main:
Here, the vari able quan ti ties u, DP, Q, r, and L rep re sent ve loc ity, lo cal pres sure drop, tem per a ture gra di ent, po si tion vec tor, and pe ri odic length vec tor, re spec tively. The Reynolds num bers im posed on the tube in let cor re spond to 3000, 4000, 6000, 8000, and 10000 in the transi tion re gion.
Nu mer i cal pro ce dure
The com mer cial soft ware, ANSYS FLUENT 13.0, is se lected as the CFD tool. The finite vol ume method was ap plied to discretize the gov ern ing equa tions, and the steady-state implicit for mat was adopted to solve the equa tions. The ve loc ity-pres sure cou pling is solved by using the SIMPLE al go rithm. Stan dard pres sure and sec ond or der up wind schemes are em ployed to dis crete he mo men tum and en ergy equa tions in the nu mer i cal model. Fur ther more, the conver gence cri te rion was set to a 10 -6 rel a tive er ror for the en ergy of the sys tem, and to a 10 -4 rel ative er ror for all other vari ables.
Grid in de pend ent anal y sis
The com pu ta tional do main for the ST is re solved us ing non-struc tural el e ments. The pat tern is lim ited to a sin gle 180° twist length due to the pe ri odic flow. A grid-in de pend ent so lution for the ST is ob tained by com par ing the so lu tions from us ing dif fer ent grid lev els. The number of el e ments used for the sim u la tion at each of the dif fer ent grid lev els ap prox i mately cor responds to 131743, 360304, 559507, 943241, and 1265716 el e ments. The er rors from us ing the other four grid num bers when com pared to the best grid num ber (mn =1265716) in crease monotonically in the fol low ing se quence when the num ber of el e ments de creases: ±0.9%, ±2%, ±6%, and ±14.2%. There fore, the num ber of el e ments (mn = 559507) is se lected as the op ti mal com pu ta tional ST model, con sid er ing both con ver gence time and so lu tion pre ci sion.
Fig ure 2 ex hib its the ver i fi ca tion by com par i son be tween the nu mer i cal re sults and the ex per i men tal re sults ob tained by Manglik and Bergles [15] un der the same op er at ing con ditions. It could be found that the de vi a tion be tween the nu mer i cal and ex per i men tal re sults is tiny. There fore, the nu mer i cal model is ac cu rate to cal cu late in this con di tion.
Re sults and dis cus sion
Per for mance cri te ria
The Nusselt num ber can be cal cu lated by:
where D is the char ac ter is tic di am e ter and the ther mal con duc tiv ity l is cal cu lated from the fluid prop er ties at the lo cal mean bulk fluid tem per a ture. Fric tion fac tor, f, can be writ ten as:
where DP is the pres sure drop in ex per i men tal sec tion, and L -the length of heat ex change tube. The over all heat trans fer per for mance, h, is used to eval u ate the com pre hen sive perfor mance of en hanced tube, which is de fined: The over all heat trans fer co ef fi cient h > 1 in di cates the CT is su pe rior to the ST. Oth erwise, the en hanced heat trans fer com po nent is in fe rior to the ST.
Ef fect of twist ra tio on heat trans fer per for mance in CT
This sec tion dis cusses the ef fect of twist ra tio (y/w) on heat trans fer, re sis tance, and over all heat trans fer per for mance in the CT. Fig ure 3(a) de picts the chang ing in Nusselt num ber ra tio (Nu/Nu s ) with re spect to Reynolds num ber with vari a tions in y/w. The fig ure clearly il lus trates that Nu c /Nu s tends to decline when Reynolds num ber in creases. At sim i lar op er at ing con di tions, Nusselt num ber in corru gated tube, Nu c is 2.15-4.78 times higher than Nusselt num ber in smooth tube, Nu s , which signi fies the ther mal per for mance of the CT is much su pe rior than that of the ST. More over, the heat trans fer im prove ment is more ef fi cient at lower Reynolds num bers, ow ing to the thicker tem per a ture bound ary-layer. Ad di tion ally, Nu c with y/w = 1.25 ex ceeds those with y/w = 2.5 and 5.0 by ap prox i mately 26-51% and 30-59%, which in di cates the ther mal per for mance is ad vantaged with the lower twisted ra tio for the CT. The chang ing reg u lar ity of fric tion fac tor ra tio, f/f s , with var i ous y/w is also shown in fig. 3(a) . It is ob served that f/f s keep al most con stant along with the chang ing Reynolds num ber, ow ing to the al most same in creas ing rate be tween the CT and the ST. The f/f s ev i dently in creases with the de creas ing y/w, es pe cially in tense from y/w =1.25 to y/w = 2.5, caused by larger tur bu lence in ten sity with shorter twist pitch. Ac cord ing to the fig ure, the fric tion fac tors gen er ated by the com pound de vices with the twist ra tios of y/w = 1.25, 2.5, and 5.0 are ap prox i mately 15.68-16.22, 4.76-5.14, and 2.98-3.57 times than that of the ST, respec tively. The syn er gis tic ef fect of ap ply ing the cor ru ga tion com bined with twisted tape on overall heat trans fer per for mance, h, is pre sented in fig. 3(b) . It could be seen from this fig ure, h exceeds unity (h ³ 1) for all en hance ment de vices un der the con di tion of Re < 8000. This sig ni fies a ben e fi cial gain from the view of higher ef fi ciency in the CT en hance ments over that of a ST at al most Reynolds num ber range. Ad di tion ally, h de creases mo not o nously with the in creas ing of Reynolds num ber, in di cat ing that the re sis tance per for mance in creases faster than heat trans fer per for mance. The data also pres ents a higher over all heat trans fer per for mance with the in creasing of y/w, which is at trib uted to the re sis tance per for mance in creases faster than heat trans fer per for mance with de creas ing in y/w. A max i mum h = 1.97 for the com pound en hance ment devices is ob served at the low est Re = 3000 and high est y/w = 5.0.
Ef fect of twist ra tios on flow struc ture per for mance in CT
In or der to cap ture the flow struc ture dif fer ences with var i ous twist ra tios along the chan nel of CT, a cor ru ga tion is di vided into three dif fer ent pro files (the po si tions of the three pro files are lo cated at Z = 22 mm, 25 mm, and 28 mm, re spec tively). The veloc ity and tem per a ture dis tri bu tion at three pro files with var i ous twisted ra tios in CT are shown in figs. 4 and 5.
The pre dic tion of the ve loc ity vec tor for CT with var i ous twist ra tios at Z = 22 mm, 25 mm, and 28 mm are de picted in fig. 4 . As shown in the fig ures, two types of sec ondary flow are pro duced in the tube. The first kind of sec ond ary flow cor re sponds to a shed vor tex flow ad join ing the tube wall, which dem on strates that the re versed flow grows in the gap re gion be tween the cor ruga tion and the mar gin of the twisted tape. Con versely, the sec ond kind of swirl flow aris ing from the twisted tape im proves fluid blend ing be tween the core re gion and the ap proach ing tube wall re gion. The si mul taneously gen er ated trans verse vor ti ces from the cor ru ga tion struc ture and the lon gi tu di - nal vor ti ces from the twin twisted tapes in the CT im prove the heat trans fer rate. It is also ob served in the fig ures that two second ary flows are gen er ated on both sides of the tape in the core flow area at y/w = =.1.25. How ever, a sec ond ary flow is absent at the other two ra tios cor re spond ing to y/w = 2.5 and 5. Ad di tion ally, the sizes of the ar rows in di cate that the ve loc ity mag ni tude is max i mum at y/w = 1.25 and ev i dently ex ceeds those at y/w = 2.5 and 5. Ve loc ity dis tri bu tions at var i ous profiles are also dis played in this fig ure. At Z = 22 mm, the bound ary-layer start to sep a rate into wall bound ary-layer and shear layer, be cause the tube wall be gins to bend from the straight seg ment along the flow di rec tion. Sub se quently, at Z = =.25 mm, an ob vi ous swirl can be observed be cause the sep a rated boundary-layer en close a vor tex and this pro file lo cated at the mid dle of the vor tex. Finally, at Z = 28 mm, the sep a rated boundary-layer will ar rive the reattachment point near the cor ru ga tion trough.
Fig ure 5 dis plays the con tour plots of the tem per a ture dis tri bu tions for CT with var i ous twist ra tios at Z = 22 mm, 25 mm, and 28 mm. With re spect to the three twisted tape struc tures, the y/w = 1.25 ra tio ex hib its a thin ner bound ary-layer when com pared to the y/w = 2.5 and 5 twisted tapes for the same cor ru ga tion struc ture. This phe nom e non is caused by in creased suf fi cient mix ing in side the CT with y/w = 1.25, which is caused by the re versed flow ad join ing the tube wall and the swirl flow ap pear ing in the core area. How ever, ther mal bound ary-lay ers in the ra dial di rec tion are no tice ably thicker due to poorer mix ing in the tube with larger twist ra tios, and this can be at trib uted to the lower in ten sity of swirl flow and the dis ap pear ance of the re versed flow. In this fig ure, the com par i son of tem per a ture dis tri bu tions at the three pro files is also dis played. Due to the de vel op ing of thermal bound ary-layer, the tem per a ture bound ary-layer is thicker at Z = 22 mm. Sub se quently, the tem per a ture bound ary-layer be comes thin ner at Z = 25 mm. Fi nally, the thin nest tem per a ture bound ary-layer oc curs at Z = 28 mm.
Con clu sion
In this study, a nu mer i cal sim u la tion was per formed to in ves ti gate the heat trans fer and flow char ac ter is tics of CT and ST with re spect to var i ous twist ra tios in a tran si tion flow. The ob tained re sults dem on strate that the best over all heat trans fer per for mance (h = 1.97) ex hibit in the CT with y/w = 5. At tain ing the pur pose of ob tain ing max i mal heat trans fer rate en hance ment, it is nec es sary to con sider CT with a low twist ra tio (y/w = 1.25). The mech a nism of com pound heat trans fer en hance ment was fur ther in ves ti gated by pre sent ing the con tour plots of sig nif i cant phys i cal quan ti ties. The trans verse vor ti ces from the cor ru ga tion struc ture and the lon gi tu di nal vor ti ces from twisted tapes are si mul ta neously im posed in a CT to en hance heat trans fer rate. Fur ther more, tem per a ture gra di ent with re spect to y/w = 1.25 is ob vi ous larger than y/w = 2.5 and 5, mean ing that the heat trans fer per for mance is higher when y/w = 1.25. 
